Using new spectroscopic observations obtained as part of the VIMOS Ultra-Deep Survey (VUDS), we perform a systematic search for overdense environments in the early universe (z > 2) and report here on the discovery of Cl J0227-0421, a massive proto-cluster at z = 3.29. This proto-cluster is characterized by both the large overdensity of spectroscopically confirmed members, δ gal = 10.5 ± 2.8, and a significant overdensity in photometric redshift members. The halo mass of this proto-cluster is estimated, by a variety of methods, to be ∼ 3 × 10 14 M ⊙ at z ∼ 3.3, which, evolved to z = 0 results in a halo mass rivaling or exceeding that of the Coma cluster. The properties of 19 spectroscopically confirmed member galaxies are compared with a large sample of VUDS/VVDS galaxies in lower density field environments at similar redshifts. We find tentative evidence for an excess of redder, brighter, and more massive galaxies within the confines of the proto-cluster relative to the field population, which suggests that we may be observing the beginning of environmentally-induced quenching. The properties of these galaxies are investigated, including a discussion of the brightest protocluster galaxy which appears to be undergoing vigorous coeval nuclear and starburst activity. The remaining member galaxies appear to have characteristics which are largely similar to the field population. Though we find weaker evidence of the suppression of the median star formation rates amongst and differences in stacked spectra of member galaxies with respect to the field, we defer any conclusions of these trends to future work with the ensemble of proto-structures that are found in the full VUDS sample.
A&A proofs: manuscript no. vuds_LSS_ms these associations, galaxy clusters and superclusters (i.e., clusters of clusters), while rare, are useful not only to constrain the dynamics and content of the universe (e.g., Bahcall et al. 2003; Reichardt et al. 2013 ), but also to study the evolution of galaxies, as the core of galaxy clusters are the regions of the universe where galaxy maturation occurs most rapidly (e.g., Dressler et al. 1984; Postman et al. 2005) . This rapid maturation is a result of the large number of transformative mechanisms that a cluster galaxy experiences, mechanisms which are less effective or nonexistent in regions of typical density in the universe (e.g., Moran et al. 2007 ). The number of processes a cluster galaxy is subject to is, however, both a virtue and a complication for the study of the evolution of their constituent galaxies. While the signs of transformation and evolution are prevalent amongst galaxies in clusters which have not already depleted their galaxies of gas, the large number of physical processes which are effective in overlapping regimes complicates interpretation. Furthermore, the effectiveness of such mechanisms appears to have complex relationships with the halo mass of the host cluster and the dynamics of the galaxies that comprise it, the density and temperature of the intracluster medium (ICM), local galaxy density, mass of the individual galaxies, and cosmic epoch (e.g., Fujita & Nagashima 1999; Poggianti et al. 2010; Lemaux et al. 2012; Muzzin et al. 2012; Dressler et al. 2013) . The lower mass counterparts to galaxy clusters, galaxy groups, also suffer the same ambiguities.
As such, despite nearly a century of study into such associations, the role that environment plays in galaxy evolution and the dominant process or processes which serve to transform cluster or group galaxies is still unclear. In the local universe, the relationship between environment and galaxy evolution has been revolutionized over the last decade with the advent of the Sloan Digital Sky Survey (SDSS). Observations from this survey have been used to great effect to study the properties of both groups and clusters and their galaxy content (e.g, Gómez et al. 2003; Hansen et al. 2009; von der Linden et al. 2010 ) and have revealed insights into the nature of environmentally-driven evolution in the local universe. However, these studies alone provide only a baseline for studies of cluster and group galaxies in the higher redshift universe as, by in large, the galaxies populating structures in the low-redshift universe have come to the end of their evolution. Initial investigations of clusters beyond the local universe found that the fraction of galaxies which displayed a significant gas content, bluer colors, and late-type (i.e., spiral) morphologies increased rapidly with decreasing cosmic epoch (Butcher & Oemler 1984 ). Yet, thirty years later, the cause or causes of such a trend have not definitively been identified. In intermediate density environments, such as galaxy groups and pairs or small associations of galaxies, significant progress has made in the last decade to understand the relative effect of such processes on galaxy evolution due to the emergence of spectroscopic surveys covering large portions of the sky in the intermediate-redshift universe (z ∼ 1, e.g., DEEP2, VVDS, zCOSMOS). While such surveys are typically devoid of massive clusters, a testament to their relative scarcity, the large number of spectroscopic redshifts, wide field coverage, and quality of both spectroscopic data and associated ancillary data have lead to a variety of insights into the nature of galaxy evolution in intermediate density environments (e.g., Cooper at al. 2006 Cooper at al. , 2007 Cooper at al. , 2008 ; Cucciati et al. 2006 , 2010a , 2010b , Tasca et al. 2009 Peng et al. 2010; Presotto et al. 2012; George et al. 2012; Kovač et al. 2014) .
At similar redshifts, systematic spectroscopic studies of clusters and cluster galaxies are somewhat rare. Surveys of clusters extending to several times the virial radius at z ∼0.5 (e.g., Treu et al. 2003; Dressler et al. 2004; Poggianti et al. 2006; Ma et al. 2008 Oemler et al. 2009 ) and of massive groups and clusters at z ∼ 1 (e.g., Lubin et al. 2009; Jeltema et al. 2009; Balogh et al. 2011; Muzzin et al. 2012; Hou et al. 2013; Mok et al. 2013 Mok et al. , 2014 have begun to provide a somewhat coherent picture at these redshifts in which galaxy evolution has a complicated dependence on secular (i.e., mass-related) processes as well as both global and local environment. However, even at such redshifts the effect of residing in the harsh cluster environment for several Gyr is evident amongst member galaxies, as both the fraction of red and quiescent galaxies is observed in excess of that of the field at similar redshifts (e.g., Patel et al. 2011; Lemaux et al. 2012; van der Burg et al. 2013 ). Going to higher redshifts the effect of environment should be reversed, inducing rather than suppressing star formation as gas-rich galaxies coalesce in the primeval universe. Indeed, tentative evidence for the reversal of the correlation between star formation rate (SFR) and galaxy density has already been found at slightly higher redshifts (Tran et al. 2010; Santos et al. 2014 , though see also Santos et al. 2013; Ziparo et al. 2014) .
Observing the reversal of the SFR−density relation, as well as contextualizing the massive, red-sequence galaxies (RSGs) observed at z ∼ 1 in cluster and group environments, has motivated recent searches for high redshift (z > ∼ 1.5) clusters (e.g., Henry et al. 2010; Gobat et al. 2011; Papovich et al. 2010; Stanford et al. 2012 Zeimann et al. 2012 or other overdensities (i.e., proto-clusters or proto-structures) in the early universe (e.g., Steidel et al. 2005; Doherty et al. 2010; Toshikawa et al. 2012; Hayashi et al. 2012; Koyama et al. 2013; Hodge et al. 2013) . One of the main difficulties such searches, beyond the extreme faintness of the bulk of the member populations of such structures, is the failing of search techniques widely used at lower redshift. Traditional techniques, such as searching for overdensities of RSGs or the presence of a hot ICM, are predicated on the assumption that a sufficiently long time scale has elapsed over which cluster galaxies can be processed. While these techniques can be used to find the most massive and oldest structures at any given redshifts, such searches are biased against exactly the types of structures where the reversal of the SFR−density relation should be most apparent. One way of circumventing this bias is to search for overdensities of galaxies lying at the same redshift as estimated by broadband photometry (i.e., photometric redshifts), which have now largely supplanted searches for high-redshift overdensities of red galaxies. However, the nature of such overdensities cannot be be well characterized without dedicated spectroscopic followup.
An alternative technique, which is especially employed for searches of the high-redshift universe, is to perform narrow-band imaging or photometric redshift searches around massive radioloud quasars or other types of powerful active galactic nuclei (e.g., Kurk et al. 2004; Miley et al. 2004; Venemans et al. 2004 Venemans et al. , 2005 Zheng et al. 2006; Overzier et al. 2008; Kuiper et al. 2010 Kuiper et al. , 2011 Kuiper et al. , 2012 . Such phenomena are typically associated with massive galaxies, which are, in turn, typically associated with galaxy overdensities. While this technique has been successful in observing large numbers of structures or proto-structures in the high-redshift universe, it is not at all clear if such environments are typical progenitors of lower redshift clusters or are exceptional in some way, which limits their usefulness in contextualizing results at lower redshift. Additionally, narrow-band and spectroscopic searches of Lyman Alpha Emitter (LAEs) populations in (somewhat) random regions of the sky have revealed protostructures in the very high-redshift universe (e.g., Shimasaku et al. 2003; Ouchi et al. 2005; Lemaux et al. 2009; Toshikawa et al. 2012) . However, such surveys cover rather limited portions of the sky and are only effective at observing overdensities of emission line objects, a population which is sub-dominant at these redshifts (see, e.g., Shapley et al. 2003) . As such, the structures (or proto-structures) found by such searches are wildly inhomogeneous (see the recent review in Chiang et al. 2013 ). This inhomogeneity, combined with a lack of large, comparable samples of galaxies at more moderate (i.e., field) densities at similar redshifts makes the interpretation of such structures difficult.
Ideally then, one would require a spectroscopic census of galaxy populations residing in both high and lower density environments in the high-redshift universe, representative in some way of the overall galaxy population at those epochs. With such a census it should be possible to make distinctions between evolution due to environmental processes and those driving overall trends observed in galaxy populations as a function of redshift and to properly connect such galaxy populations to their lower redshift descendants. The recently undertaken VIMOS Ultra-Deep Survey (VUDS; Le Fèvre et al. 2014) , an enormous 640 hour spectroscopic campaign with the 8.2-m VLT at Cerro Paranal targeting galaxies over 1
• in three fields at z > 2, provides, for the first time, the possibility of undertaking such a search at these redshifts. Like its predecessors at lower redshift, the fields targeted in the VUDS survey are random, albeit wellknown, patches of the sky. As mentioned earlier, due to the magnitude limited nature of field surveys (e.g., AEGIS, Davis et al. 2007; Newman et al. 2013; VVDS, Le Fèvre et al. 2005 , 2013 zCOSMOS, Lilly et al. 2007 , the scarcity of red galaxies relative to bluer galaxies, and the rarity of massive clusters, environmental studies in field surveys, like VUDS, typically suffer the problem of limited dynamic range in local densities. Indeed, despite extensive spectroscopy from various surveys in the COS-MOS (Scoville et al. 2007 ), CFHTLS-D1, E-CDF-S (Lehmer et al. 2005) fields, the three fields targeted by VUDS, only a few massive spectroscopically confirmed clusters have been found in these fields at z < 1.5 (Gilli et al. 2003; Valtchanov et al. 2004; Guzzo et al. 2007; Silverman et al. 2008) .
However, there are several distinct differences between these surveys and VUDS as they relate to a study of the effect of environment on galaxy evolution due to the nature of galaxies being probed. LAEs and other star-forming galaxies at high redshift, both of which are selected in VUDS by virtue of a photometric redshift selection, are known to be highly clumpy populations (e.g., Miyazaki et al. 2003; Ouchi et al. 2003 Ouchi et al. , 2004 Ouchi et al. , 2005 Lee et al. 2006; Bielby et al. 2011; Jose et al. 2013 ) making it possible to observe a large dynamic range of local densities. In the high-redshift universe, proto-structures comprised of such populations are observed (e.g., Steidel et al. 1998; Ouchi et al. 2005; Capak et al. 2011; Tashikawa et al. 2012; Chiang et al. 2014) and found in simulations (e.g., Chiang et al. 2013; Zemp 2013; Shattow et al. 2013) to be large in transverse extent. This large extent on the sky allows for the sampling of a larger number of members in a single VIMOS pointing than in traditional multiobject spectroscopic surveys of lower-redshift overdense environments. In addition, as a result of the photometric redshift selection, galaxies which have more distinguishing features in their SED, i.e., both a continuum break at ∼4000 Å as well as the typical continuum break observed at the Lyman limit and Lymanα, will be more likely to be assigned a accurate photometric redshift and are thus more likely to be targeted. Such a sample will be comprised of a mix of quiescent, post-starburst, and starburst populations. These populations are instrumental in the investigation the effect of environment on galaxy evolution. With this in mind, we performed a systematic search for overdensities of galaxies with secure spectroscopic redshifts in all three VUDS fields. The full results of this search will be published in a future work. In this paper, we focus on the discovery and study of the most significantly detected spectroscopic overdensity in the CFHTLS-D1 field, Cl J0227-0421, a massive forming cluster at z ∼ 3.3.
The structure of the paper is as follows. §2 provides an overview of the spectroscopic and imaging data available in the CFHTLS-D1 field, as well as the derivation of physical parameters of galaxies in our sample, with particular attention paid to new observations from the VUDS survey. §3 describes the search methodology employed and the subsequent discovery of Cl J0227-0421 as well as the estimation of its global properties. In §4 we describe the investigation of the properties of the spectroscopically confirmed members of Cl J0227-0421 and compare those properties to galaxies in lower-density environments. Finally, §5 presents a summary of our results. Throughout this paper all magnitudes, including those in the IR, are presented in the AB system (Oke & Gunn 1983; Fukugita et al. 1996) . We adopt a standard concordance ΛCDM cosmology with H 0 = 70 km s −1 , Ω Λ = 0.73, and Ω M = 0.27.
Observations
Over the past decade and a half, the 0226-04 field has been the subject of exhaustive photometric and spectroscopic campaigns. First observed in broadband imaging as one of the fields of the VIMOS VLT Deep Survey (Le Fèvre et al. 2004) , this field was subsequently adopted as the first of the "Deep" fields (i.e., D1) of the Canada-France-Hawai'i Telescope Legacy Survey (CFHTLS) 1 . In this section, we first describe the VIMOS Ultra-Deep Survey (VUDS; Le Fèvre et al. 2014 ) data which have made the discovery of the proto-structure reported in this paper possible. We then briefly review other spectroscopic redshift surveys of the field as well as the associated deep imaging data available in the CFHTLS-D1 field. For a thorough review of all data available in the CFHTLS-D1 field prior to VUDS see Lemaux et al. (2013) and references therein.
Spectroscopic Data
The primary impetus for the current study comes from the vast spectroscopic data available in the CFHTLS-D1 field, with a particular reliance on recent VIsible MultiObject Spectrograph (VI-MOS; Le Fèvre et al. 2003) spectroscopic observations taken as part of the VIMOS Ultra-Deep Survey (VUDS; Le Fèvre et al. 2014) . We, therefore, begin here by a brief discussion of the spectroscopic surveys whose data are utilized for this study.
The VIMOS Ultra-Deep Survey
The observations from which a majority of our results are derived were taken from VUDS, a massive 640 hour (∼ 80 night) VIMOS spectroscopic campaign reaching extreme depths (i ′ < ∼ 25) of three well-known and well-studied regions of the sky, of which, the CFHTLS-D1 field is one. The design, goals, and survey strategy of VUDS are described in detail in Le Fèvre et al. (2014) and are thus only briefly described here. The primary goal for the survey is to measure the spectroscopic redshifts of a large sample of galaxies at redshifts 2 < ∼ z < ∼ 6. To this end, unlike its predecessors which were magnitude limited, the selection of VUDS spectroscopic targets was performed primarily through photometric redshift cuts, occasionally supplemented with a variety of magnitude and color−color criteria. These selections were used primarily to maximize the number of galaxies with redshifts likely in excess of z > ∼ 2 (see discussion in Le Fèvre et al. 2014) . This selection has been used to great effect, as a large fraction of the galaxies spectroscopically confirmed in VUDS have redshifts z > ∼ 2 (though not all interesting VUDS galaxies are at high redshift, see Amorín et al. 2014) . As a result, the number of spectroscopically confirmed galaxies at these redshifts in the full VUDS sample rivals or exceeds the number of spectroscopically confirmed galaxies from all other surveys combined at redshifts z > ∼ 2. The main novelty of the VUDS observations is the depth of the spectroscopy and the large wavelength coverage that is afforded by the 50400s integration time per pointing per grating with the low resolution blue and red gratings on VIMOS (R=230). This combination of wavelength coverage and depth, along with the high redshift of the sample, allows not only for spectroscopic confirmation of the Lymanα emitter (LAE) galaxies, galaxies which dominate other high redshift spectroscopic samples, but also for redshift determination from Lymanα (hereafter Lyα) and interstellar medium (ISM) absorption in those galaxies which exhibit no emission line features. Thus, the VUDS data allow for a selection of a spectroscopic volume-limited sample of galaxies at redshifts 2 < ∼ z < ∼ 6, a sample which probes as faint as M * +1 at the redshifts of interest for the study presented in this paper (see Cassata et al. 2014) . The flagging code for VUDS is identical to that of the VIMOS VLT Deep Survey (VVDS; see . Although it has not been, to date, tested extensively whether the same statistics derived for the VVDS flags apply to the VUDS data (though see discussion in Le Fèvre et al. 2014) , we adopt here the same reliability thresholds for secure spectroscopic redshifts in VUDS as for the VVDS. Thus, only those VUDS objects that have flag = X2, X3, & X4, where X=0-3, for which the probability of the redshift being correct is in excess of 75%, are considered reliable (hereafter "secure spectroscopic redshifts"). In total, spectra of 2395 unique objects were obtained on the CFHTLS-D1 field as part of VUDS, with 1534 of those resulting in secure spectroscopic redshifts. Note that this represents only 80% of the final VUDS data on this field, as one VUDS VIMOS quadrant, centered at [α J2000 , δ J2000 ] = [02: 24:36.1, -04:44:58 ] has yet to be reduced at the time of publication. For further discussion on the survey design, observations, reduction, redshift determination, and the properties of the full VUDS sample see Le Fèvre et al. (2014) .
Other Spectroscopic Data
The bulk of the lower redshift (z < ∼ 2) spectroscopy in this field are drawn from observations taken as part of the VVDS "Deep" and "Ultra-Deep" surveys (see Le Fèvre et al. 2005 , 2013 for details on the survey design and goals) and the Observations of Redshift Evolution in Large Scale Environments (ORELSE; Lubin et al. 2009 ) survey. The properties of the spectroscopy available in the CFHTLS-D1 field from these surveys is described extensively in Lemaux et al. (2013) and references therein. These data were used primarily in this study to reject lower redshift interlopers and to calibrate and extensively test the SED fitting process that is described in §2.3. For the VVDS surveys, the criterion for a secure spectroscopic redshift was the same as that of VUDS. For ORELSE, only those objects with quality codes q = −1, 3, & 4, for which the probability that a correct redshift was assigned is in excess of 95%, were consid-CFHTLS-D1 Spectroscopic Surveys The two lower redshift surveys, VVDS and ORELSE, are shown as hashed green and orange histograms, respectively. The higher redshift VUDS objects are shown as a black filled histogram. The number of objects with secure spectroscopic redshifts coming from each survey along with the median z spec of each sample is shown in the top right corner. For the sake of clarity, the bin size of the histograms for the VUDS and ORELSE objects are twice that of the VVDS. Though it is not apparent from the diagram, there exists a tail of galaxies with z spec > 5 confirmed from the VUDS survey. ered secure (see Gal et al. 2008 and Newman et al. 2013 for an explanation of the ORELSE quality codes). Accounting for duplicate observations, a total of 11267, 1120, and 450 spectra were taken of unique objects in the CFHTLS-D1 field from the VVDS-Deep, VVDS-Ultra-Deep, and ORELSE surveys, respectively, resulting in 7942, 806, & 318 secure spectroscopic redshifts of unique objects from the three surveys. Combining all surveys, we have obtained a secure spectroscopic redshift for a total of 10600 unique objects across the CFHTLS-D1 field spanning from 0 ≤ z spec ≤ 6.53. The redshift distributions of those objects with secure spectroscopic redshifts from the three surveys are shown in Figure 1. 
Imaging Data
Of the plethora of optical imaging data available on the CFHTLS-D1 field, most relevant for this study is the deep 5-
optical imaging of the entire 1 • field observed with Megacam (Boulade et al. 2003) as part of the "Deep" portion of the CFHTLS survey. Model magnitudes (MAG_AUTO, Kron 1980; Bertin & Arnouts 1996) were taken from the penultimate release of the CFHTLS data (T0006, Goranova et al. 2009 ) and corrected for Galactic extinction and reduction artifacts using the method described in Ilbert et al. (2006) . The resulting magnitudes reach 5σ point source completeness limits (i.e., σ m = 0.2) of 26.8/27.4/27.1/26.1/25.7 in the u
respectively, sufficient to detect galaxies as faint as ∼0.02L * at z = 3.3 (see §4.1.2 for the method of estimating L * ). For further details on properties of the CFHTLS-D1 imaging and the reduction process see the CFHTLS TERAPIX website 2 , Ilbert et al. (2006) , and Bielby et al. (2012) .
As a compliment to the CFHTLS optical imaging, roughly 75% of the CFHTLS-D1 field, including the entire area of interest for the present study, was imaged with WIRCam (Puget et al. 2004) in the near infrared (NIR) J, H, and K s bands as part of the WIRCam Deep Survey (WIRDS; Bielby et al. 2012) . Model magnitudes were drawn from the T0002 release of WIRDS data 3 and corrected for Galactic extinction using the method described in Bielby et al. (2012) . The resulting magnitudes reach 5σ point source completeness limits of 24.7, 24.6, & 24.5 in the J, H, & K s bands, respectively, sufficient to detect galaxies as faint as ∼0.06L
* at z = 3.3. For further details on the observation, reduction, and characteristics of the WIRDS data see Bielby et al. (2012) .
Two generations of imaging with the Spitzer Space Telescope were taken on the CFHTLS-D1 field. Initially, a large portion of the CFHTLS-D1 field was imaged at 3.6/4.5/5.8/8.0 µm from the Spitzer InfraRed Array Camera (IRAC; Fazio et al. 2004 ) and at 24µm from the Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004) as part of the Spitzer Wide-Area InfraRed Extragalactic survey (SWIRE; Lonsdale et al. 2003) . However, these data were too shallow to detect a large majority of the galaxies presented in this study. Additional Spitzer/IRAC data in the two non-cryogenic bands (3.6 & 4.5 µm) for the entirety of the field were obtained from the Spitzer Extragalactic Representative Volume Survey (SERVS; Mauduit et al. 2012) . These data, which incorporated the SWIRE data when available, are moderately deeper, reaching 5σ point source completeness limits of 23.1 in both [3.6] and [4.5], deep enough to detect a ∼0.2L
* cluster galaxy at z = 3.3. Aperture magnitudes measured within a radius of 1.9
′′ , roughly equivalent to the fullwidth half-maximum (FWHM) point spread functions (PSFs) of the IRAC images in both bands, were drawn from the official SERVS data catalog. These magnitudes were aperture corrected by dividing the flux density as measured in the aperture by 0.736 and 0.716 in the 3.6 and 4.5 µm channels, respectively 4 , necessary to match the model magnitudes of our other optical/NIR imaging. For further details of the reduction of SERVS data for the CFHTLS-D1 field see Mauduit et al. 2012 . The matching of SERVS sources to optical/NIR counterparts from our groundbased imaging was performed by using the known mapping of SWIRE sources (see Arnouts et al. 2007 ) when available and nearest-neighbor matching to the combined ground-based optical/NIR catalogs when no SWIRE source was detected at the position of the SERVS source. In total, 75.5% of all objects with spectroscopic data were matched to a SERVS counterpart. Even for the highest redshifts probed by the VUDS/VVDS spectroscopic, z > 3, this number remains high, as a majority (62.5%) of galaxies with secure spectroscopic redshifts above this limit are matched to a SERVS counterpart.
The CFHTLS-D1 field has also been imaged at a variety of other wavelengths with the Very Large Array (VLA), the Giant Millimetre Radio Telescope (GMRT), the Spectral and Photometric Imaging REceiver (SPIRE; Griffin et al. 2010 ) aboard the Herschel Space Observatory (Pilbratt et al. 2010) Multi-mirror Mission space telescope (XMM-Newton; Jansen et al. 2001) . Since these data probe relatively shallow in the various luminosity functions at z = 3.3 and will, generally, be used only to place upper limits on star formation rates (SFRs), active galactic nuclei (AGN) activity, and intracluster medium (ICM) emission. We refer the reader to Lemaux et al. (2013) for detailed descriptions of the observations, reduction, and matching of these data.
Synthetic Model Fitting
Despite the high density and immense depth of the spectroscopic coverage in the CFHTLS-D1 field, a majority of the objects in the field that are detectable to the depth of our imaging data were not targeted with spectroscopy. For these objects information can only be obtained through fitting to their spectral energy distributions (SEDs) in the observed-frame optical/NIR broadband photometry. In order to derive redshifts from the photometric data for untargeted objects, as well as their associated physical parameters, e.g., stellar masses, mean luminosityweighted stellar ages, and SFRs, we utilized the package Le Phare 5 (Arnouts et al. 1999; Ilbert et al. 2006 Ilbert et al. , 2009 ) in a method identical to that described in Lemaux et al. (2013) . The process for deriving physical parameters for galaxies that have been spectroscopically targeted was similar to that of Lemaux et al. (2013) with a few minor modifications that are described in Appendix A. For some analysis, similar fitting was performed on VUDS rest-frame near-ultraviolet (NUV) spectra using the Galaxy Observed-Simulated SED Interactive Program (GOS-SIP; Franzetti et al. 2008) . The details of all synthetic model fitting to the photometric and spectroscopic detail, as well as discussions on the effect of various assumptions made for these fitting processes, are discussed in detail in Appendix A. In Figure 2 we show a comparison of the photometric redshifts derived from the CFHTLS+WIRDS imaging and their associated spectral redshifts for those galaxies with secure spectroscopic redshifts.
An Exploration Into the Role of Environment in VUDS
We begin the exploration by briefly describing the search technique used to find spectroscopic overdensities of galaxies in the VUDS survey. Though the search technique is broadly similar in all fields, we limit ourselves here to the search as performed on the CFHTLS-D1 field and defer the discussion of the search in the two other fields for future work (though see Cucciati et al. 2014 for a discussion on the most significant overdensity in the COSMOS field). The methodology used for the search along with a involved discussion on purity and completeness of the overdensities found in all VUDS fields will also be described in a future paper as here we are concerned with only the most significant of the overdensities in the CFHTLS-D1 field.
The search was performed as follows. All unique galaxies with secure spectroscopic redshifts in the CFHTLS-D1 field (see §2.1) were combined into a single catalog, and this catalog was used to generate density maps of secure spectroscopic objects using the methodology of Gutermuth et al. (2005) . To be considered a legitimate overdensity, referred to hereafter by the sufficiently ambiguous term "proto-structure", we required seven concordant redshifts within a circle of radius 2 h Comparison of photometric redshifts as derived from eight-band ground-based optical/NIR imaging and spectroscopic redshifts for those objects with secure spectroscopic redshifts (see §2.1). In the bottom panel ∆z ≡ (z spec − z phot )/(1 + z spec ). Members of the Cl J0227-0421 proto-structure (see §3.1) with secure spectroscopic redshifts are denoted in both panels by red diamonds, those with less secure spectroscopic redshifts are shown as blue Xs. Of particular importance to this work is the true redshift distribution of objects with z phot > 3, which are almost always (82.7% of the time) at z spec > 3. The large majority of cases where a galaxy is at z spec > 3 and the photometric redshift estimation failed miserably had the galaxy being wrongly classified as a star or the Lyα break was mistaken for the Balmer/4000Å break, which placed the galaxy at very low redshifts. These failures, and similar failures at lower redshift, produce the parabolic shape seen in the bottom panel extending across the entire redshift range (i.e., these are galaxies which were assigned a z phot ∼ 0).
galaxies along the line of sight of 25 h −1 70 proper Mpc (equivalent to roughly ∆v ∼ 5000 − 8500 km s −1 or ∆z ∼ 0.06 − 0.12 at the redshifts considered here). This size is well matched to the spatial and redshift extent of both simulated and observed high-redshift proto-structures. We note here that we make no requirement or claim that these proto-structures be gravitationally bound, but are rather interested only in their being significantly dense relative to the field so as to increase the chance of observing signatures of environmentally-driven evolution. The significance of each spectral overdensity was determined by "observing" 1000 proto-structure sized volumes in random locations over the CFHTLS-D1 field (avoiding coverage gaps) at a random central redshift between 2.5 < z < 3.5 (see Figure 5 ). To date, 13 such proto-structures have been discovered in the CFHTLS-D1 field, of which the most significant, and the subject of this paper, a proto-structure at z ∼ 3.3, is shown in Figure 3 . Generated a posteriori were photometric redshift density maps of all galaxies within ∆z phot ± 0.02(1 + z spec ) of the spectroscopic redshift bounds of each proto-structure using the same methodology used to create the spectral density maps. While we did not require an overdensity of photometric redshift sources to consider a grouping of galaxies a proto-structure, these maps served to lend credence to the overdensity seen in the spectroscopic data and to more fully probe the large scale structure (LSS) of the galaxy overdensity. The latter is especially impor-CFHLS-D1-VUDS Best Structure 3.27 < z < 3.35 (flag=2,3,4) 3.27 < z < 3.35 (flag=1,9)
Type-1 AGN 3.27 < z < 3.35 (flag=12,13,14) X-Ray AGN 3.27 < z < 3. 35 (flag=12,13,14) z > 1.5 (flag=2,3,4) Fig. 3 . The sky distribution of galaxies in the redshift range of the most significantly detected spectroscopic proto-structure in the CFHTLS-D1 field (Cl J0227-0421). Galaxies with secure spectroscopic redshifts are plotted as red diamonds, those with less secure spectroscopic redshifts are shown as blue Xs. Green stars denote those galaxies hosting a type-1 AGN and the cyan circle denotes the lone X-Ray AGN host at these redshifts. Plotted in the background are all galaxies in the CFHTLS-D1 field with secure spectroscopic redshifts z spec > 1.5. The dashed circle designates 3 h
70 Mpc from the adopted center of the proto-structure and is used in conjunction with the redshift range to define membership (see §3.1). The VIMOS footprint is clearly visible and coverage gaps in the CFHTLS-D1 spectroscopy are apparent throughout the field and to the North of the proto-structure. tant because, as mentioned earlier, both LAEs and other starforming galaxies at high redshift are highly clustered populations and, in a single VIMOS pointing, only roughly 20% of objects with photometric redshifts at z phot > 2 can be targeted with spectroscopy. Source Extractor (Bertin & Arnouts 1996) was run on each density map to measure significances relative to the background of detections in all density maps. These detections were cross-correlated with the spectral density maps to look for spurious density peaks 6 , which was in turn used to define a significance threshold for photometric redshift galaxy overdensities. Shown in Figure 4 is an example of a density map plotted for the proto-structure in the CFHTLS-D1 field with the highest significance in photometric redshift galaxy density.
Discovery of a z ∼ 3.3 Proto-Structure in the CFHTLS-D1 Field
Of the 13 spectroscopically detected proto-structures in the CFHTLS-D1 field using the search algorithm detailed above, one, a proto-structure at z ∼ 3.3, far exceeded the others both in terms of the density of spectroscopic member galaxies and the density of potential photometric redshift members. As shown in Figure 5 and in Figures 3 and 4, this proto-structure is detected extremely significantly both in the number of spectroscopically confirmed member galaxies, δ gal = 10.5 ± 2.8, and in its overdensity of sources with photometric redshifts consistent with the 
Fig. 4. Left:
A zoom-in of the sky distribution of all galaxies in the redshift range of the same proto-structure that is shown in Figure 3 (Cl J0227-0421). This proto-structure is also the most significantly detected in photometric redshift overdensity. The photometric density map, generated using the methodology of §3, is shown in the background, with the scale bar denoting the photometric redshift galaxy density. As in Figure 3 , the dashed circle designates 3 h
70 Mpc from the adopted center of the proto-structure. Blue and red symbols show galaxies at the redshift of the protostructure differentiated by their M NUV − M r ′ colors (where the delineation point was set roughly at the color of a 200 Myr old stellar population, see §4.1.2) and are logarithmically scaled (log 4 ) by their stellar mass (see §4.1). Filled circles denote galaxies with secure spectroscopic redshifts, while Xs denote those galaxies with less secure spectroscopic redshifts. Plotted in the background are all galaxies with z spec > 1.5. Several massive, redder galaxies are observed in the bounds of the proto-structure and extended filamentary structure can be seen to the West Southwest of the central proto-structure galaxy concentration. Bottom Right: Spectroscopic redshift distribution of galaxies within 3 h −1
70 Mpc of the proto-structure center. The shaded histogram displays only those galaxies with secure spectroscopic redshifts, while the histogram plotted with a solid black line also includes those galaxies with less secure spectral redshifts. The redshift bounds defining membership are marked by magenta dot-dashed lines.
proto-structure redshift, σ S Ex,LS S = 8.0 (see Figure 5 for the meanings of these terms). While the nominal transverse size of our overdensity search was R pro j < 2 h −1 70 proper Mpc, in order to be as inclusive as possible while still probing a reasonably small volume, we allowed the defined transverse extent of the protostructure increase to the (projected) radius at which the galaxy density fell to ∼ 50% of the density calculated with the nominal filter size. For the proto-structure which is the subject of this paper, referred to hereafter as Cl J0227-0421 7 , the projected radius at which the galaxy density fell to this value was found to be R pro j < 3 h −1 70 proper Mpc. This distance is still easily spanned by z = 0 for galaxies with transverse velocities in excess of even a small fraction of those of typical low-redshift cluster galaxies. A similar size increase was not applied to the dimension of the filter along the line-of-sight as the size in this dimension already far exceeded that of the radial dimension, and, furthermore, a galaxy lying at further distances along the line of sight, subject to the assumption of radial infall at ∼ 1000 km s −1 , could not reach the core of the proto-structure by z = 0. This radial cut is used for all subsequent analysis with one exception mentioned later, though we note that all results on this proto-structure, including the magnitude of the spectroscopic overdensity, are largely insensitive to the specific choice of the size of the dimensions probed for R pro j < 4 h Mpc. We also tested for effects on δ gal as a result of non-uniform spectral sampling and found no difference in the calculated value if the "field" search described in Figure 5 was instead limited to the area over which the proto-structure extended (i.e., the same VIMOS quadrant).
The spatial center of Cl J0227-0421 was calculated in a method similar to that described in Ascaso et al. (2013) for all galaxies within 3.27 < z < 3.35 and R pro j < 3 h −1 70 Mpc, but with the peak of the photometric redshift source density map serving as the initial guess as the center. Unit weighting was chose over luminosity weighting due to significant contamination from AGN activity of the brightest galaxy in the proto-structure (see §4.1.1) in both the K s and the IRAC bands. Regardless, the centers calculated from K s -band luminosity-weighted average or a unit-weighted average of members within R pro j < 2 h −1 70 Mpc are shifted negligibly from the adopted center (∼ 15 ′′ or ∼ 100 kpc at z = 3.3), which, if used instead, would have no effect on our results. In Figure 4 a spectroscopic redshift histogram is plotted of all galaxies with 2.9 < z spec < 4.0 within R pro j < 3 h −1 70 of the number weighted center. Both the unit-weighted spectroscopic center and the photometric member density center are given in Table 1 along with the number of members within the adopted bounds of Cl J0227-0421 and their median redshift. In total, 19 members with secure spectroscopic redshifts are found within Cl J0227-0421 (referred hereafter as "spectral members"), with another six galaxies having spectroscopic redshifts consistent with that of the proto-structure but with a lower reliability (i.e., flags=1 & 9, referred to hereafter as "questionable spectral members"). The latter galaxies are included throughout the paper for illustrative purposes only and do not enter into any of our analysis except as potential photometric redshift members. This number of spectroscopically confirmed members exceeds that of any proto-structure at z > 2.5 found to date. In Figures 6 and 7 show the rest-frame VIMOS spectra of the 19 spectral members of Cl J0227-0421 along with the one questionable spectral member whose spectrum contains a single strong emission feature, presumed in this case to be Lyα. With the relatively large number of spectral members afforded by the VUDS and VVDS spectroscopy, an attempt can be made to calculate the dynamics of the members of Cl J0227-0421. Because the member galaxies of this proto-structure have had little time to interact, it is likely that the dynamics will depart appreciably from the near-virialized dynamics observed in members of lower redshift structures. In addition, the estimated dynamics of cluster and group members that have had much more time to mature have been found to vary considerably with spectroscopic sampling, both in the number of members and the representative number of sampled galaxies of various types, making any estimate here highly uncertain. With this warning, the line of sight velocity dispersion (referred to simply as the velocity dispersion hereafter), σ v , was calculated using the method of Rumbaugh et al. (2013) for the 14 spectral members within R pro j < 2 h −1 70 Mpc. A smaller radial cut was used here in order to probe galaxies which have had a larger chance to interact with each other and the proto-structure potential, though σ v does not vary within the errors if we instead chose to use all members within R pro j < 3 h −1 70 Mpc. Four different methods were used to calculate the velocity dispersion, identical to those of Rumbaugh et al. (2013) , with errors estimated through jackknifing. The velocity dispersion estimated by the f-pseudosigma method, a method which performs adequately in probing the true distribution of sparsely sampled non-Gaussian distributions (see Beers et al. 1990) , was adopted as the best-fit velocity dispersion. Our results are not heavily reliant on this choice as all other methods had values consistent with this values within 1σ of their (large) formal errors. The differential velocity distribution of member galaxies, plotted in Figure 8 , is highly non-Gaussian, with a skewness of 1.06, likely a result of the (relatively) small number of member galaxies with secure spectroscopic redshifts and the high redshift of the proto-structure. The f-pseudosigma galaxy velocity dispersion, which is the value that will be used throughout the remainder of this paper, was calculated to be σ v = 995 ± 343 km s −1 . The corresponding virial radius at the redshift of Cl J0227-0421, a quantity which will be used extensively in the next section, was calculated using the methodology of Lemaux et al. (2012) to be R vir = 0.46±0.16 h −1 70 Mpc. While we adopt this value of the virial radius for the remainder of the paper, we do not require it for any of our analysis to have a physical meaning outside of a distance from the center of the proto-structure which represents some density contrast to which we can scale global quantities. Indeed, it has been suggested that a large percentage of the mass of a structure at a given redshift lies not within the virial radius at the redshift of a source, but rather the virial radius as estimated from the critical density evaluated at z = 0 (Zemp 2013) . The value of this quantity, R vir, z=0 = 2.2±0.7 h
Mpc, is far more well matched to our proto-structure filter and the criterion used to define membership throughout this paper. The choice of adopting R vir at the redshift of the proto-stucture for use in our analysis was governed simply by convention and B. C. Lemaux et al.: VUDS Discovery of a High-Redshift Proto-Cluster Fig. 6 . Mosaic of the one-dimensional rest-frame VIMOS spectra of ten spectral members of Cl J0227-0421. The black line in each panel is the flux density spectrum and the dashed magenta line is the formal uncertainty spectrum (see Le Fèvre et al. 2014 and references therein for details on the generation of the uncertainty spectrum). Important spectral features are marked. The spectrum of the proto-BCG, a type-1 and X-Ray AGN host, is shown in the 3rd panel from the top on the left. The spectra of the two other type-1 AGN hosts are shown in the top and 4th from the top panel on the left. The first four galaxies plotted in the left panel were observed as part of the VVDS-Deep sample and, as such, do not have observed spectra blueward of λ rest ∼ < 1290Å. A wide range of diversity in spectral properties is seen amongst the proto-structure members. Fig. 7 . Mosaic of the one-dimensional rest-frame VIMOS spectra remaining nine spectral members of Cl J0227-0421. Also plotted in the bottom right hand panel (ID=910259897) is the only member with a less secure spectroscopic redshift which exhibits a strong emission line in its spectrum. In this case we presume the line to be Lyα, though this galaxy does not enter any of our analysis and is presented here and elsewhere for illustrative purposes only. The meanings of all lines are the same as in Figure 6 .
A&A proofs: manuscript no. vuds_LSS_ms Notes. (a) The first number refers to all spectroscopically confirmed members with R pro j < 3 h −1 70 Mpc and 3.27 < z spec < 3.35. The number in parentheses refers to tentative members with less reliable redshift measurements (see §2.1).
(b) This number refers to the formal significance of the detection after accounting for spurious density peaks (see §3.1).
CFHTLS-D1 Best Structure . The resultant Gaussian function generated by the best-fit σ v is overplotted on the differential velocity histogram (solid black line) along with those functions generated from σ v ± σ σv . The high degree of skewness of the differential velocity distribution of member galaxies can be clearly seen.
convenience, and another value, such as R 200 or R vir, z=0 , could have been chosen with no effect on our results.
The Halo Mass of Cl J0227-0421 and its Predicted Fate
At lower redshift (z < ∼ 1) strong correlations are observed between the properties of cluster and group galaxies and the total mass of the structure in which they reside. The maturity of the dynamical evolution of a host structure or a perturbing event, such as a cluster-cluster merger, can also govern to some degree the properties of its galaxy content (e.g., Ma et al. 2010; Lemaux et al. 2012; Rumbaugh et al. 2012; Stroe et al. 2014 , though see also De Propris et al. 2013 ). However, averaged over many structures, the halo mass has been found to be intimately linked to the fraction of blue, star-forming, and starbursting member galaxies, the properties of the brightest cluster and group galaxies, and the shape of member galaxy luminosity/stellar mass functions. Halo mass proxies at these redshifts, while still difficult to measure and correctly calibrate, are relatively numerous. The dynamics of large numbers of spectroscopically confirmed members galaxies, weak or strong gravitational lensing, and measurements of the properties of the hot intracluster medium either through Bremsstrahlung emission or via the inverse-Compton scattering of cosmic microwave background photons have all been used effectively at z < ∼ 1 to measure the masses of galaxy clusters, and, to a lesser extent, galaxy groups. Each methodology, however, loses effectiveness (in different ways) as the redshift of the observed structure increases and, indeed, few halo mass measurements, calculated via these methods, exist for structures with redshifts in excess of z > ∼ 1.5. With a redshift of z ∼ 3.3, estimating the halo mass of Cl J0227-0421 is a daunting challenge. Because of the large uncertainties and large number of assumptions that are required of any particular method, in this section we attempt four different methods at estimating or constraining the halo mass Cl J0227-0421. In this section we will briefly describe the methods used and the halo mass and associated uncertainties which result from each line of reasoning. For further details on the framework, assumptions, and details of each method see Appendix B. While the results of this exercise can be used to test the standard ΛCDM concordance model of cosmology, as is done in numerous other works investigating high-redshift structures (e.g., Foley et al. 2011; Bayliss et al. 2013) , the goal here is to simply provide a greater context for Cl J0227-0421 with which to compare other high-redshift proto-structures and to provide a backdrop for the preliminary investigation of galaxy evolution that follows.
We begin by calculating the halo mass of Cl J0227-0421 from the dynamics of the spectral members. The calculation was performed in a method identical to that of Lemaux et al. (2012) , though the impact of adopting assumptions valid at z ∼ 1 for a forming structure at z ∼ 3.3 are discussed in Appendix B. Using the value of the velocity dispersion from the previous section yields M dyn, vir = 3.16 ± 2.18 × 10 14 h −1 70 M ⊙ . Given that such a high mass appears to be already in place at such a high redshift, it is interesting to consider what the potential evolution of the halo of Cl J0227-0421 would be to the present day. Adopting the formalism of McBride et al. (2009) and based on results from the Millennium and Millennium-II simulations, the mean halo growth rate as a function of redshift and halo mass is defined as:
where M z is the halo mass of the proto-structure at the redshift of interest. Using the dynamical mass calculated above, integrating this formula from z = 0 to the adopted systemic redshift of Cl J0227-0421 (z = 3.29), multiplying by the difference in the age of the universe at the two redshifts, and adding the derived mass of Cl J0227-0421 at z = 3.29 yields M dyn, vir, z=0 = 8.69 ± 4.71 × 10 15 h −1 70 M ⊙ . Errors are determined from the those in the velocity dispersion. The halo mass estimated from this calculation is enormous, enough to rival the most massive galaxy clusters observed in the local universe (e.g., Piffaretti et al. 2011; Wang et al. 2014) . However, the number of assumptions, their associated uncertainties, and the formal errors coming from the velocity dispersion calculation are also enormous. In addition, the above formula is meant to be applied to a single halo, whereas the dynamical mass estimate above may make use of galaxies which populate several different halos, a subtlety that we have, with the current data, no power to constrain. If it is indeed the case that the galaxies in used to estimate the dynamical mass of Cl J0227-0421 populate multiple halos, the z=0 mass estimated here will necessarily be an upper limit, though how constraining this limit is depends on the multiplicity, mass ratio, and proximity of the constituent sub-halos. Regardless, such an effect is unlikely to be larger than the formal uncertainties in the evolved halo mass. It is sufficient to say, then, that the dynamical mass estimate places Cl J0227-0421 as a progenitor of a cluster within similar to or exceeding the mass of the Coma cluster (M dyn ∼ 1 − 2 × 10 15 M ⊙ ; Kent & Gunn 1996; Colless & Dunn 1996) .
A second approach is to use the stellar content of the protostructure as a proxy for the total mass. An estimate from this method is, however, likely a lower limit due to some fraction, perhaps considerable at these redshifts (see, e.g., Capak et al. 2011) , of the baryonic content of member galaxies residing in unprocessed gas. Briefly, the calculation takes the form of summing up the total stellar mass content in all members of the proto-structure within a certain radius, accounting for the missed number of members, and using the resulting total stellar mass of the members to estimate the total halo mass based on known correlations. For more details see Appendix B. The resultant halo mass is scaled to a common radius with that of all other methods (where we chose the virial radius for convenience) using a Navarro-Frenk-White (NFW, Navarro et al. 1996) profile as described in Appendix B. This halo mass estimate from this method was M ΣM s , vir = 1.87 ± 0.98 × 10 14 h −1 70 M ⊙ , consistent within approximately 1σ with the dynamical halo mass estimate. This halo mass was evolved to z = 0 using the same methodology as was used for the dynamical mass results in a present day halo mass of M ΣM s , vir z=0 = 4.89 ± 2.53 × 10 14 h −1 70 M ⊙ . As mentioned previously, the CFHTLS-D1 field was imaged with XMM-Newton/EPIC to a depth of 10.6 ks in the proximity of Cl J0227-0421 8 While this depth is not sufficient to significantly detect X-Ray emission from any nascent ICM that may exist in the proto-structure, we determined an upper limit on this emission of f X, [0.5−2] keV < 1.29 ± 0.31 × 10 −14 ergs s −1 cm −2 by the method described in Appendix B. This flux limit was converted into a observed-frame luminosity value at the redshift of Cl J0227-0421 and k-corrected with the Chandra Interactive Analysis of Observations package (CIAO; Fruscione et al. 2006) to the rest-frame [0.1-2.4] keV band using a RaymondSmith thermal plasma model (Raymond & Smith 1977 ) with a temperature of 2 keV and an abundance of 0.3Z ⊙ (though using models of differing temperatures or abundances gives consistent results within ∼ 50%). This luminosity limit was in turn used to estimate a hydrostatic mass limit within r 500 and was transformed to a mass limit at the virial radius using the methods described in Appendix B. The resulting hydrostatic halo mass limit is M X, vir < 3.35 ± 1.46 × 10 14 h −1 70 M ⊙ . Because this value is a limit we do not attempt to evolve it to the present day.
The final halo mass calculation is based on translating the spectroscopic overdensity into a halo mass using a relationship between the clustering of galaxies and their underlying dark matter distribution. This methodology relies heavily on that presented in Chiang et al. (2013) and Steidel et al. (1998) and the manifestation of this methodology which was adapted for this work is presented in Cucciati et al. (2014) . As such, we only mention those aspects relevant for this calculation on Cl J0227-0421 and refer interested readers to those studies. The galaxy overdensity, δ gal , calculated in §3.1 was re-calculated using a box filter with half-height dimensions of R e = 8.5 comoving Mpc, appropriate for a proto-structure at z ∼ 3.3, yielding δ gal = 13.3 ± 6.6. For this calculation a stellar mass limit of M s > 10 9 M ⊙ was imposed on both the spectral members and the field and a galaxy bias, b = 2.38, was adopted based on a linear interpolation of biases at different redshifts presented for an identical stellar mass cut in Chiang et al. (2013) . At this point a long overdue matter of nomenclature is necessary to mention. Having now calculated δ gal for an equivalent sample as that presented in Chiang et al. (2013) , we can directly compare this value to the simulated proto-structures from Chiang et al. (2013) to estimate the probability that Cl J0227-0421 will evolve to a cluster by z = 0. Even the 1σ lower bound of δ gal calculated for Cl J0227-0421 is excess of the threshold at which a proto-structure will always evolve into a cluster as determined for an identical filter size at an identical redshift in the Millennium simulations. We, therefore, will refer to Cl J0227-0421 as a proto-cluster for the remainder of the paper. From the calcu-8 Another pointing of XMM was centered to the Northeast of the proto-structure to a depth of 24 ks, but the large off-axis angle of the proto-structure in this pointing resulted in a X-Ray flux limit which was similar to that of the 10.6 ks exposure.
A&A proofs: manuscript no. vuds_LSS_ms lated δ gal and adopted bias factor the halo mass of Cl J0227-0421, evolved to z = 0 from the calibrations in Chiang et al. (2013) , was estimated following the methodology outlined in Appendix B. As with all other estimates, the halo mass estimate was transformed to that at the virial radius resulting in a value of M δ m , vir, z=0 = 3.67
The constraints on the halo mass of the Cl J0227-0421 proto-cluster placed by all four methodologies are summarized in Table 2. Though extremely large uncertainties exist both formally and in the assumptions made to derive the values given in Table 2 , and perhaps because of this fact, the high degree of concordance between the values derived from four methods is astonishing. While the exact value of the halo mass of Cl J0227-0421 can only be constrained, at best, within a factor of ∼ 3, the values given in Table 2 along with the high value of δ gal presented in both this section and §3 paint the picture that Cl J0227-0421 is a proto-cluster with a large amount of mass already assembled very early in the history of the universe and that it is destined to descend into a cluster whose mass rivals or exceeds the Coma cluster by the present day. With this global picture in mind, we continue on to make a preliminary investigation into the properties of the galaxies housed within this emerging cluster.
The Effect of Environment in Cl J0227-0421
With 19 confirmed members, six additional members with questionable spectroscopic redshifts, and a high density of spectroscopic sampling over the entire proto-cluster, the Cl J0227-0421 galaxy sample is the most extensive to date amongst highredshift (z > 3) proto-clusters. However, this number of members remains small relative to samples at lower redshifts where questions on galaxy evolution still abound. In addition, the dominant environmental process or processes appears to depend non-trivially on the particular structure or structures being observed, the spectroscopic sampling of member galaxies, and the data available, especially the presence or absence of multiwavelength 9 data (see, e.g., the review in Oemler et al. 2009 ). With a sample size of one, we can only hope to provide an initial and cursory glance at the effect of environmental processes (or lack thereof) on galaxy evolution in the high-redshift universe by studying the galaxy population of Cl J0227-0421. Compounding the difficulty of this study is the high-redshift of the protocluster. At the redshift of Cl J0227-0421 the bandpasses of our ground-based optical/NIR imaging, as well as our optical spectral coverage, have been pushed far to the blue in the rest-frame. As a result, spectral and photometric diagnostics typically employed for galaxy evolution studies are either of questionable accuracy or impossible with the current data. While the accuracy and possible limitations or biases to the SED-fitting process are mentioned in Appendix, we stress here that the testing of the SED-fitting process, as well as understanding the proper methods to extract relevant parameters and their associated uncertainties from the rest-frame near-ultraviolet (NUV) spectra, is still an ongoing investigation in VUDS. With these warnings, we begin a preliminary investigation into the effect of environment in the early universe, deferring more complex analysis to future work with the full VUDS sample.
Color−Magnitude and Color−Stellar-Mass Properties
Plotted in the left panel of Figure 9 is the observed-frame z ′ − K s color−magnitude diagram (CMD) of the spectral members of Cl J0227-0421. These two bands were chosen as they bracket the Balmer/4000Å break at the redshift of the proto-cluster. The K s band was preferred over either the [3.6] or [4.5] magnitudes as the WIRDS imaging is marginally deeper than that of SERVS. Also plotted in the left panel of Figure 9 are all galaxies with secure spectroscopic redshifts from 2.9 < z < 3.7 not associated with an overdensity. This sample of ∼500 galaxies, referred to hereafter as "field" galaxies, was chosen to represent a control sample for the spectral members of Cl J0227-0421 at roughly the same epoch 10 . One of the most striking features of the observedframe CMD is that, while the proto-cluster galaxies are found in an extremely small volume relative to the full field galaxy sample (see §4.1.2), the galaxies in the two samples essentially span the same region of color−magnitude phase space. While a large fraction of the spectral members lie at rather ordinary magnitudes and colors with respect to the field population, there exist several galaxies within the proto-cluster bounds that are extremely bright and exhibit (typically) redder observed-frame colors. This population was foreshadowed in Figure 4 and will be discussed extensively throughout this section. As can be seen in the right panel of Figure 9 , where the fractional observedframe K s luminosity 11 distribution of both samples is plotted, not only does Cl J0227-0421 contain several bright galaxies but such galaxies make up a greater contribution to the overall population than similar galaxies in the field. This difference is considerable, as the fraction of proto-cluster member galaxies with log(L K s ) > ∼ 12.0 is nearly double that of the field (33.0% and 16.8%, respectively). The properties of these bright, and typically redder proto-cluster galaxies were foreshadowed in Figure  4 and will be discussed extensively throughout this section.
The Brightest Proto-Cluster Galaxy
The one galaxy in this population which is an exception is the brightest galaxy in the proto-cluster, referred to hereafter as the "proto-BCG". This galaxy is extremely bright in the K s band (K s = 20.67), but exhibits extremely blue colors (z ′ − K s = 0.1), the only galaxy from 2.9 < z spec < 3.7 detected in VUDS which occupies this region of phase space. The properties of this galaxy are worth discussing briefly. It has been well-documented that high-density peaks or proto-structures are more common in the regions surrounding high-redshift radio-loud quasars. However, to the 3σ depth of our VLA data at z ∼ 3.3 (P ν, 1.4GHz, 3σ < 25.4 W Hz −1 ) 12 , neither this object nor any other proto-cluster member is detected in the radio. This limit is much lower than the typical output of high-redshift radio-loud quasars (log(P ν, 1.4GHz ) > ∼ 27 W Hz −1 ), precluding the possibility that this galaxy contains an analogous phenomenon to those used in other large surveys as signposts for overdense environments (e.g., Wylezalek et al. 2013 Wylezalek et al. , 2014 .
The rest-frame NUV spectrum of the proto-BCG does, however, contain several high-ionization emission features whose FWHMs are several 1000 km s Figure 3 . All galaxies in the entire CFHTLS-D1 field with secure spectroscopic redshifts 2.9 < z spec < 3.7 which do not reside in the bounds of Cl J0227-0421 (i.e., "field galaxies", see §4.1) are plotted as small navy points. The light blue shaded region indicates the region of this phase space not probed to the 5σ point source completeness limits of the CFHTLS/WIRDS imaging. Model tracks for a z = 3.3 L * galaxy with three different stellar metallicities are overplotted (see §4.1.2). Several galaxies which are extremely bright in the K s band, including two of the four brightest galaxies in the entire spectroscopic sample over this redshift range, are members of the proto-cluster. Right: Fractional distribution of observed-frame K s -band luminosities in the proto-cluster and field samples. Only those proto-cluster members with secure spectroscopic redshifts and only those galaxies lying outside of the blue shaded region in the left panel are plotted. Though a large fraction of the proto-cluster member galaxies have relatively normal K s -band luminosities with respect to the general field population, the percentage of bright (log(L Ks ) ∼ > 12.0) galaxies residing in Cl J0227-0421 is nearly double that of the field.
an active central engine. The proto-BCG is also the only spectral member to be detected in the XMM-Newton imaging and has a rest-frame full-band luminosity of L X, [0.5−10 , keV] = 1.0 ± 0.4 × 10 45 ergs s −1 , placing the AGN in the proto-BCG well within the QSO regime (e.g., George et al. 2000) . Given the immense energy output of this AGN it is possible that it is either a progenitor or a descendant of the high-power radio-loud quasars found in other overdense environments. The host galaxy is also the only spectral member to be even moderately detected in the Herschel/SPIRE imaging. The formal significance of the detection is 2.5σ, which falls below the formal limit required for a secure detection. However, the proto-BCG is also detected, significantly, at 24µm, giving us some additional confidence that the SPIRE detection is legitimate. Tentatively assuming this detection is real, the total infrared luminosity of the proto-BCG implies that it is forming stars at a rate of S FR proto−BCG = 750 ± 70 M ⊙ yr −1 . The proto-BCG is also located at a large (projected) distance from the proto-cluster center (1.1 h −1 70 proper Mpc), a property that is typical in lower redshift clusters still in the process of formation (e.g., Katayama et al. 2003; Fassbender et al. 2011; Zitrin et al. 2012; Lidman et al. 2013 ). It appears that the proto-BCG of Cl J0227-0421 is still very much in the process of evolving.
The Density of Massive Galaxies in Cl J0227-0421
We now turn back to the bright galaxies in the proto-cluster which are observed at redder colors. At lower redshift, massive clusters, like the one that Cl J0227-0421 is predicted to evolve into, show marked increases in the abundances of bright and massive red-sequence galaxies (RSGs) relative to less dense environments (e.g., Ball et al. 2008; Wetzel et al. 2012) . The origin of such galaxies is the subject of much debate, as it is unclear how early and through which processes such galaxies built up consider stellar masses and eventually quenched. In this respect, the presence of several bright galaxies already within the bounds of the proto-cluster at z ∼ 3.3 is tantalizing. However, in the early universe, especially given the relatively blue rest-frame wavelength coverage of the optical/NIR imaging employed here, it is far from certain that a direct connection can be drawn between the brightness of a galaxy in the observed-frame K s band and the massive RSGs observed in lower redshift clusters. For this it is necessary to appeal to our SED fitting process. Plotted in Figure  10 is the rest-frame M NUV − M r ′ CMD and color−stellar mass (CSMD) for both the Cl J0227-0421 spectral members and the field galaxy sample. Overplotted here and in Figure 9 are colors and magnitudes derived from BC03 stellar synthesis models generated by EZGal 13 . These models were normalized to a lower redshift (z ∼ 0.5) L * cluster galaxy (De Propris et al. 2013 ) and generated for a variety of different formation epochs and at variety of different metallicities. As a rough check, we note that the galaxy properties generated by these models show a broad agreement with L * galaxies at similar redshifts (z ∼ 3 − 4) observed in photometric surveys and in simulations (e.g., Cirasuolo et al. 2010 , Henriques et al. 2012 . While effects of dust can be significant in both the CMDs and the CSMD (see, e.g., Lemaux et al. 2013) , and, indeed, have been invoked as the primary culprit for the origins of incipient proto-cluster red-sequences observed at high-redshift (Overzier et al. 2009 ), the comparisons that will be made here are differential. As such, it is only necessary for our purposes that the dust properties of the proto-structure members not differ, on average, from those in the field at the same redshifts. In an attempt to ensure that this assumption holds, a stellar mass cut of M s > 10 9 M ⊙ is imposed on all galaxies plotted in Figure 10 , which, as mentioned in Appendix A, is the rough limit to which the VUDS spectroscopic sample should be representative at these redshifts. This cut was Rest-frame M r ′ /M NUV − M r ′ CMD of all galaxies in the entire CFHTLS-D1 field with secure redshifts 2.9 < z spec < 3.7 and stellar masses log(M s ) > 9). The stellar mass cut is imposed here in an attempt to mitigate any induced differential bias between the field and proto-cluster members (see §4.1.2. The meanings of the symbols are identical to those of Figure 9 as is the meaning of the light blue shaded region and the galaxy model tracks. A strong bimodality is observed amongst the proto-cluster members. While most proto-cluster members have relatively typical colors and magnitudes with respect to the field, there exists a sub-dominant population of extremely bright (and typically redder) proto-cluster galaxies. The median SFRs, as derived from the SED fitting process, of the two samples is shown in the upper right hand corner. Right: Color-stellar-mass (CSMD) of the same galaxy populations shown in the left panel. The meanings of all symbols are the same. The strong bimodality observed in the CMD remains in the CSMD, with several proto-cluster galaxies having with extreme stellar masses log(M s ) ∼ > 10.8. These galaxies comprise some of the most massive galaxies in the entire spectroscopic sample in the range 2.9 < z spec < 3.7. Though several field galaxies exhibit similar colors and stellar masses, the volume used to define the field sample is ∼ 250 larger than that used to define the bounds of the proto-cluster. The proto-BCG, marked by the circumscribed cyan circle, likely has its stellar mass estimate contaminated by the presence of its powerful AGN, though the other two type-1 AGN hosts likely do not. made for two reasons, both of which are predicated on the possibility of a relationship between stellar mass and SFR suggested by a variety of observations at a variety of epochs (e.g., Brinchmann et al. 2004; Daddi et al. 2007; Elbaz et al. 2007; Noeske et al. 2007; Santini et al. 2009; González et al. 2011; Koyama et al. 2013 ). Since there is a known relationship between the SFR and the dust content of a galaxy, making this cut ensures that, to the best of our ability, the two samples have the same average dust content. The second reason is to ensure fair comparisons between the SFRs of the proto-cluster members and the field population discussed later in this section.
The large span in the proto-structure galaxy properties observed previously in Figure 9 now appears as a bimodality in both panels of Figure 10 . There exist a clear population of lower mass, lower luminosity, blue galaxies in the proto-structure bounds which share these properties with the bulk of the field sample. There remain, however, several spectral members which are more luminous, more massive, and redder than the overall population. These three galaxies, which we will refer to hereafter as "proto-RSGs", have colors which are consistent with the last major star-formation event ending ∼ 300 Myr in the past, i.e., z f ∼ 3.75. This formation epoch is consistent with the formation epoch derived for massive RSGs in lower redshift (z ∼ 1 − 2) clusters (e.g., Raichoor et al. 2011; Hilton et al. 2012; Lemaux et al. 2012; Zeimann et al. 2012) . The amount of stellar mass already in place for these galaxies at this redshift is astounding considering the short period of time that they have had to form their stellar content. These stellar masses approach those of z ∼ 1 BCGs (e.g., Stott et al. 2010; Lidman et al. 2012; Ascaso et al. 2013 ), astounding considering these galaxies have ∼4 Gyr to evolve between the redshift of Cl J0227-0421 and that of z ∼ 1 cluster samples. The presence of these massive galaxies within Cl J0227-0421 appears, at least at the surface, to be consistent with the results of Diener et al. (2013) , in which an excess 3) on each side. The bright object to the North Northwest of the proto-BCG was not targeted by spectroscopy, but has a well-fit photometric redshift of z phot = 1.21 ± 0.03. Right: Observed-frame optical/NIR spectral energy distribution (SED) of the proto-BCG with the best-fit galaxy template overplotted in red. The proto-BCG has a power-law continuum both in the UV and in the IR, suggesting the physical parameter estimates coming from the SED fitting process are contaminated by the presence of the AGN. The best-fit stellar mass and luminosity-weighted stellar age are shown in the upper left corner of the plot. of massive galaxies was found within proto-structure candidates in the COSMOS field at slighly lower redshifts (1.8 < z < 3.0) and in slightly less massive structures (σ v = 30 − 550 km s −1 ).
There are, however, two considerations. The first is a practical consideration regarding the SED fitting process. Of the four most massive galaxies in Cl J0227-0421, three of them, includ- Figure 11 . Right: Observed-frame optical/NIR SED of this galaxy plotted against the best-fit galaxy template. As before, the best-fit stellar mass and luminosity-weighted stellar age are shown in the upper left corner of the plot. While this galaxy is also host to a type-1 AGN, the properties of its SED are considerably different than that of the proto-BCG and the SED is generally well fit by the galaxy template. There is some discrepancy in the IR portion of the SED, but an identical stellar mass is recovered (within the random errors) if IRAC bands are excluded from the fit. Postage stamp of the third brightest and fourth most massive galaxy in Cl J0227-0421 generated in an identical manner to that of Figure 11 . Right: Observed-frame optical/NIR SED of this galaxy plotted against the best-fit galaxy template. Best-fit stellar mass and luminosity-weighted stellar age are shown in the upper left corner of the plot. While this galaxy is also host to a type-1 AGN, the same test was performed on this galaxy as was performed on the galaxy shown in Figure 12 and negligible differences in the derived stellar mass were found.
ing, as mentioned earlier, the proto-BCG, host broadline type-1 AGN (see Figure 6 ). There is then some concern that these three galaxies have their stellar masses, luminosities, and colors contaminated by the presence of broadband emission of the AGN. For the proto-BCG the estimate of the physical parameters is quite clearly contaminated by the presence of the AGN as the SED exhibits a power-law continuum in the ultraviolet as well in the observed-frame NIR (this galaxy is also detected in the reddest of the IRAC bands in the SWIRE imaging). Thus, the luminosity and color of its stellar content, as well as the estimated stellar mass cannot be considered reliable. However, in the remaining two cases, the galaxy template is well-matched to the observed SED of the AGN hosts. These fits are shown in Fig Figure 11 . Right: Observed-frame optical/NIR SED of this galaxy plotted against the best-fit galaxy template. Best-fit stellar mass and luminosity-weighted stellar age are shown in the upper left corner of the plot. This galaxy is not host to a type-1 AGN. Though the bestfit galaxy template appears significantly different from the other two massive, redder proto-cluster galaxies plotted in Figures 12 and 13 , the dominant stellar population in this galaxy appears relatively old.
stamp of the one proto-RSG not host to a type-1 AGN. For the two proto-RSGs host to a type-1 AGN, only a few minor discrepancies with the galaxy template are apparent, most notably in the IRAC bands. The concern here is that a dust-obscured AGN, AGNs who are generally not typically associated with type-1 broadline AGN, would be appreciably contributing to the restframe NIR luminosity, thus leading to an erroneously high stellar mass measurement. The contamination from such an AGN, however, decreases precipitously below rest-frame wavelengths of λ rest < 1 − 2µm (e.g., Sajina et al. 2012) . To test for the presence of contamination, we measured the stellar mass eliminating bands near this limit (i.e., the two IRAC bands) and re-measured the stellar mass and found negligible differences (∼ 0.1 dex) with respect to the fiducial fit. While the lack of further information in the NIR prevents further testing, it is sufficient to say that there is no reason to believe with the current data that the properties of these galaxies presented in this section are affected by the presence of their AGN. In future work hybrid galaxy/AGN templates will be used to further investigate the effect of modeling on the derived physical parameters of such galaxies (as in, e.g., Salvato et al. 2009 ). Though there is much uncertainty in this process, we note that the fits of the two non-proto-BCG type-1 AGN hosts yield luminosity-weighted stellar ages which are ∼ 1 Gyr in both cases, which bolsters the conclusions of the analysis in the CMD and CSMD that these galaxies contain a dominant older stellar population. It is also possible to use the presence of AGN in these galaxies to our advantage. The fact that two-thirds (i.e., two out of three) of the proto-RSGs which have ceased to form stars several 100 Myr to a Gyr ago are host to a powerful AGN suggests a possible connection between AGN and quenching at these redshifts. Such an excess is also seen amongst the field population, though at a lower level: 16.1% of proto-RSGs in the field host a type-1 AGN as compared to only 2.3% for the entire mass limited field sample.
The second consideration is more expansive. A close inspection of both panels of Figure 10 reveals a large population of field galaxies with similar luminosities, colors, and stellar masses as the massive proto-RSGs in Cl J0227-0421. The question is then, does the presence of the higher-density environment significantly enhance the number of proto-RSGs or are A&A proofs: manuscript no. vuds_LSS_ms the proto-RSGs observed in Cl J0227-0421 simply a sampling of similar field galaxies at this redshift? To answer this question, we calculated the volume probed by the spectral surveys (excluding ORELSE) at these redshifts and calculated the density of massive (log(M s ) > 10.8) and red (M NUV − M r ′ >1.4) protoRSGs in both Cl J0227-0421 and the field. The M NUV − M r ′ color limit was adopted to roughly differentiate those galaxies whose dominant stellar population has an age in excess of ∼ 200 Myr for all models plotted in Figure 10 to those with dominate younger generations of stars. This criterion is not, however, sufficient to designate such populations as "passive" (see, e.g., Ilbert et al. 2013 , Arnouts et al. 2013 , it is only sufficient to ensure that the last major star-formation event of these galaxies was several 100 Myr in the past. We stress here that the quantities relating to this population which follow were derived extremely roughly and it will be necessary to refine this estimate once the full spectroscopic selection function and composite survey geometry has been quantified. Again, however, we are saved here by a relative comparison between the proto-cluster members and the field selected in the same way from the same surveys. The space density of proto-RSGs in the field was found to be ρ pRS G, f ield = 3.1 ± 0.6 × 10
70 Mpc −3 , where errors were calculated from Poisson statistics. Despite the crudeness of the calculation, or, rather, given its crudeness, this number is remarkably similar to the space density found for massive galaxies at similar redshifts in wide-field photometric surveys (Ilbert et al. 2013; Muzzin et al. 2013) . In contrast, the space density of proto-RSGs in the bounds of Cl J0227-0421 is much higher: ρ pRS G, pcl = 7.9 ± 4.5 × 10
70 Mpc −3 . This difference is in large part due the volumes used to define the two samples, the volume spanned by the field sample being ∼ 250 times larger than that of the spectral members of Cl J0227-0421. The quotient of the two densities yields a proto-RSG density contrast of δ pRS G = 25.1 ± 15.2. In other words, sampling a volume equal to that of the proto-cluster in a random part of the field would typically result in 0.12 proto-RSGs, or roughly one proto-RSG in every eight proto-cluster sized volumes. Instead, three such galaxies are found within the proto-cluster volume. This is perhaps unfair, however, as there are also more total galaxies within the proto-cluster bounds as attested to by the large value of δ gal found for Cl J0227-0421. The proto-RSG overdensity holds, however, if we instead consider the fraction of such galaxies in the two environments, as their fraction amongst the mass-limited proto-cluster member sample is nearly triple that of the field (20% and 6.9%, respectively). While the uncertainties on these quantities are extremely large owing to the small number of spectral members, the observed overdensity of protoRSGs within the confines of Cl J0227-0421 appears to be real. This line of thought will continue to be expanded with the full VUDS sample.
General Properties of the Cl J0227-0421 Galaxy Population
We now move from considering the brightest and most massive galaxies in the proto-cluster to the spectral member population as a whole. At this point in the analysis of VUDS data few metrics exist, and even fewer have been extensively tested, which would allow us to attempt to separate the general member population from the field sample as a whole. One of these metrics, stellar mass, has already been discussed. However, when considering the spectral member sample as a whole, the distribution of stellar masses of the bulk of the member population do not appear, by eye, to differ appreciably from the field population as a whole. This statement is quantified by a Kolmogorov-Smirnov (KS) test, which reveals no significant difference between the stellar mass distributions of the two samples. The second metric is the SFR of the galaxies which comprise the two populations as derived from the SED fitting. As discussed in §2.3, the SFRs of a given galaxy are subject to a large level uncertainty coming from the choice of models. Additionally, while it has been shown that, at lower redshift (z ∼ 1), with a great deal of care, SFRs derived from SED fitting can exhibit sufficient precision with respect to more traditional star-formation proxies (Mostek et al. 2012) , SED-fit SFRs have not been sufficiently tested at higher redshift. Therefore, we rely only on differential ensemble properties when attempting to gain insight from these SFRs. The distribution of SFRs between the two samples formally shows no significant difference when compared by a KS test. However, as illustrated throughout the previous section with regards to stellar mass, a null result with a KS test does not necessarily preclude the possibility that the properties of the two populations do not differ in some way. With a small number of galaxies in the spectral member sample, we focus instead on the median SFRs of the two samples as this quantity does not suffer the same limitations as a KS test or a sample mean for small samples with respect to the extreme ends of the distribution. Significance intervals for the median SFR of each sample were calculated by bootstrapping. Shown in the left panel of Figure 10 are the median SFRs for the field and proto-cluster member samples. Again, however, the small number of galaxies in the latter sample confounds interpretation. The median level of star formation activity amongst the proto-cluster galaxies appears suppressed relative to the field by roughly a factor of two (i.e., S FR med ∼ 30 vs. ∼ 55 M ⊙ yr −1 , respectively), but due to the large errors, this result is significant only at the ∼ 1σ level. Moving beyond the formal statistical errors, this difference remains significant at ≥ 1σ (with the same directionality) if other SFHs are employed or if the mean is adopted rather than the median. Still, however tempting, we cannot make any definite claims with the current data and wait instead to incorporate the large sample of galaxies in overdense environments in the early universe afforded by the full VUDS sample to see if this trend gains significance.
The final tool that we have at our disposal is the rest-frame NUV spectra of both the members of Cl J0227-0421 and field galaxies at the same epoch. A preliminary and simple method of implementing this tool is to count the number of galaxies exhibiting emission lines (in this case Lyα) vs. those that do not. Such an exercise can perhaps give information on the constituent galaxy populations of the two samples as LAEs have been shown to differ appreciably in their SFRs, luminosities, and in the ages of their dominant stellar population with respect to Lyman Break Galaxies that do not emit in Lyα (e.g., Shapley et al. 2003; Lai et al. 2007; Pentericci et al. 2007 Pentericci et al. , 2009 Kornei et al. 2010 ). However, no clear excess in LAE fraction is observed for the spectral members of Cl J0227-0421. Amongst the members that have spectra with sufficient wavelength coverage, 33 ± 15% of the members exhibited rest-frame Lyα equivalent widths (EWs) in excess of 25Å, a fraction consistent with the average fraction amongst a volume-limited sample of VUDS galaxies at these redshifts. For further details on the measurements of Lyα EWs and the average LAE fraction, as measured from VUDS, over a large redshift baseline see Cassata et al. (2014) .
A slightly more complicated method of implementing this tool is through the combination of spectra to create a high signalto-noise ratio (S/N) spectrum which in some way represents the average properties of the constituent galaxies, a process we will refer to hereafter as "coadding" (with the associated product re- Proto-Cluster Members Field Galaxies <z=3.3> log(M s ) > 9 Fig. 15 . Left: Rest-frame mean "coadded" VUDS spectra of all spectral members of Cl J0227-0421 with log(M s ) > 9 plotted against that of the field galaxy sample. All type-1 AGN hosts are removed from both samples. Important spectral features are noted. The two spectra exhibit remarkably similar properties. Subtle differences do exist, as the average proto-cluster galaxy appears to have slightly stronger emission features (Lyα, HeII, and CIII]) and a steeper rest-frame NUV continuum slope. Right: Median "coadded" VUDS spectra of the same two samples shown in the left panel. The major difference between the median spectra and the mean spectra plotted in the left panel is the enormous decrease in the strength of the Lyα line, which is a reflection of the fact that most galaxies do not emit Lyα at these redshifts. In the median spectrum, the Lyα emission is roughly equivalent amongst the field galaxies and the proto-cluster members, owing to the similar fractional contribution of LAEs to both samples (see text). The differences in the median and mean spectra suggest that, though the galaxies in the proto-structure emit Lyα roughly as frequently as the general field population, those galaxies which do emit Lyα in the proto-structure are doing so more profusely.
ferred to as a "coadded spectrum"). After removal of all type-1 AGN hosts, the galaxies comprising the two samples were coadded separately loosely following the methodology outlined in Lemaux et al. (2013) . Here, however, we chose not to use weighting based on the formal uncertainty spectra generated for VUDS by the VIMOS pipeline (see Le Le Fèvre et al. and references therein for details), as the properties of these spectra have not been extensively tested to date. The effect of not using weighting each input flux density by its uncertainty (or variance) is to appreciably add noise to the continua of the coadded spectra in the regions of under-or over-subtracted airglow lines. The added noise in the resultant coadded spectra in turn leads to increased uncertainty in physical parameters derived from the spectra. This problem is compounded for small samples and samples which span limited redshift intervals. Though we attempted to mitigate this effect in some way by also generating coadded spectra based on the median flux density of input spectra at each pixel, we restrict ourselves here to a broad qualitative comparison of the coadded spectra, turning only very briefly to a quantitative comparison. Plotted in Figure 15 is the mean (hereafter "average") and median coadded spectra of members of Cl J0227-0421 not host to a type-1 AGN against the backdrop of those of the field sample. Over the region where the airglow contamination is minimal (λ rest < 1800 Å) both sets of coadded spectra (left panel of Figure 15 ) exhibit remarkably similar properties. Both the Lyα absorption trough, as well as many ISM absorption features, are of comparable relative strength in the two sets of coadded spectra. One broad difference appears to be the slope of the NUV continuum, which appears steeper in the both the average proto-cluster galaxy and in the median coadded spectrum of proto-cluster members relative to the field. This quantity, typically referred to as the β−slope, while highly subject to both the amount, geometry, and composition of dust in a galaxy, the IMF, and stellar metallicity (e.g., Castellano et al. 2012; Wilkens et al. 2012) , can be linked to the SFRs, stellar masses, and mean luminosity-weighted stellar ages of galaxies. While several recent measurements of this quantity in high-redshift galaxies have been made with photometry (e.g., Bouwens et al. 2012; Dunlop et al. 2012; Finkelstein et al. 2012; Jiang et al. 2013; Hathi et al. 2013; Castellano et al. 2014) , similar measurements with spectroscopy have not, to date, been attempted for a large population of such galaxies. The relationship of the β−slope with galaxy properties is an area of active investigation with VUDS (Hathi et al. 2014) and these results will be used in the future along with the full VUDS sample to interpret and contextualize differences in the β−slope as a function of environment. Another possible difference between the average spectral properties of the two populations lies in the strength of the emission features, with proto-cluster galaxies having, on average, slightly stronger Lyα, HeII, and CIII] emission. Since, as noted above, the two populations have comparable fractions of LAEs this possibly suggests a connection between environment and Lyα escape fraction as well as possible AGN activity. However, with the limited sample presented here it is not possible to make definitive claims, and we instead wait for the inclusion of the full sample of VUDS overdensities to explore this thought rigorously.
In an attempt to make a slightly more quantitative comparison, both coadded spectra were fit using GOSSIP to BC03 synthetic spectral models which spanned an identical parameter space to those used for the SED fitting process. Because the method of coadding spectra destroys absolute flux calibration through normalization, without a more complicated implementation of similarly averaged photometry for each sample, only relative quantities, i.e., stellar age, metallicity, and extinction, can be used from these fits. Though large uncertainties exist in the fitting process, the best-fit models to the two average coadded spectra yield parameters that also show a high degree of similarity. The average field and proto-cluster galaxies have identical metallicities and luminosity-weighted stellar ages and stellar extinctions that differ only by one resolution element (300 Myr and 400 Myr and E(B−V) = 0.3 & 0.2, respectively). These parameters do not change appreciably when the median coadded spectra are instead fit (i.e., 300 Myr and 300 Myr and E(B − V) = 0.3 & 0.2, respectively).
Within the limitations of the analysis presented in this section on average properties, the galaxies comprising the Cl J0227-0421 proto-cluster appear to be broadly similar to those in the field at similar redshifts. While there was marginal evidence for the suppression of star-formation activity within the protocluster boundaries as well as differences in the average β−slope and average emission line strengths, all other ensemble quantities showed broad concordance between the two samples. There was a significant difference, however, between the two samples when a specific population was isolated, with a marked excess of massive, red galaxies, observed in the proto-cluster environment. Amongst these galaxies we also observed tentative evidence for increased AGN activity, including in the extremely bright and blue proto-BCG. With the large amount of total mass already assembled in Cl J0227-0421 at this redshift (see §3.1.1), these results hint at a picture where we are witnessing the birth of quenching within the proto-cluster environment, with massive galaxies beginning to transition to the red sequence setting the stage for future environmental influences on the bluer, lower mass member galaxies. While this picture will continue to be focused and contextualized with the full sample of VUDS protostructures, this first look into the heart of an emerging massive cluster at high redshift has provided several enticing clues of what may eventually form.
Summary & Conclusions
In this paper we have described a systematic search for overdensities at high redshift (z > 2) in the CFHTLS-D1 field using newly obtained VUDS spectroscopic data in conjunction with the wealth of other imaging and spectroscopic data available for this field. We then described the discovery and characterization of the most significant of these overdensities, the Cl J0227-0421 proto-cluster at z ∼ 3.3. Here we briefly outline the main conclusions of this study.
• With 19 confirmed spectroscopic members and six potential spectroscopic members, Cl J0227-0421 is significantly overdense relative to the field at these redshifts. Using a large field coeval population from VUDS and VVDS along with the 19 confirmed spectroscopic members, we estimated the significance of the spectroscopic overdensity of Cl J0227-0421 to be σ = 13.5 (or δ gal = 10.5 ± 2.8). After accounting for spurious peaks, we found that Cl J0227-0421 is overdense also in its photometric redshift members, with a significance of σ = 8.0.
• Four different methods were used to estimate or place limits on the halo mass of Cl J0227-0421 at z ∼ 3.3 or z = 0 (or both). These were member galaxy dynamics, stellarto-halo mass, X-Ray hydrostatic equilibrium, and spectroscopic galaxy overdensity. Though the errors, uncertainties, and number assumptions used for each method were large, a consistent picture emerged in which Cl J0227-0421 has already assembled a large amount of mass in the early universe (M z∼3.3 ∼ 3 × 10 14 M ⊙ ) and will evolve in to a cluster with a halo mass rivaling or exceeding that of Coma by the present day (M z=0 ∼ 4 × 10 15 M ⊙ ) • The properties of the spectroscopic member galaxies of Cl J0227-0421 were investigated. In the brightest proto-cluster galaxy we found evidence for a powerful active galactic nuclei as well as tentative evidence of vigorous star formation activity (∼ 750 M ⊙ yr −1 ). Within the proto-cluster environment there appeared a significant excess of brighter, redder, and more massive galaxies relative to a similarly selected field population at similar redshifts. This excess was quantified both absolutely, δ pRS G = 25.1 ±15.2, and relatively, with a fractional excess of such galaxies within the proto-cluster of ∼ 3. Based on comparisons with models the last major star-formation event in these galaxies was estimated to be in excess of 300 Myr prior to z ∼ 3.3, indicating that we may be witnessing the onset of environmentally-driven quenching processes.
• The remaining proto-cluster members had properties which were broadly similar to those of field galaxies. While we found weak evidence of suppression of the star formation rates amongst the general proto-cluster member population and subtle differences between the stacked spectra of the two populations, these differences were not significant enough to be conclusive.
Despite the massive nature of Cl J0227-0421, the relatively small number of proto-cluster members statistically limited the conclusions which could be drawn. Still, the results of several lines of analysis presented in this paper were tantalizingly suggestive as to the effect of environment at z ∼ 3.3. These lines of analysis will be continued with the ∼40 overdensities found within the entire VUDS sample to search for definitive signs of environmentally-driven evolution and transformation in the high redshift universe.
A&A proofs: manuscript no. vuds_LSS_ms (Duffy et al. 2008) . A correction factor of c NFW = 1.39 ± 0.48 was determined by the ratio of the total mass contained within r vir to that contained within r 500 as determined by the velocity dispersion. This correction factor was used to derive the final z = 3.3 halo mass estimate coming from this method which is given in Table 2 .
The halo mass limit placed on Cl J0227-0421 from the XRay imaging data was performed as follows. To measure the X-Ray flux limit at the position of Cl J0227-0421 all bright X-Ray sources in the vicinity of the proto-cluster were optimally masked using the methodology presented in Clerc et al. (2012) . A bright source, identified as a local galaxy (z = 0.053), lies within close proximity (1 ′ ) of the proto-cluster center, further compounding the difficulty of the measurement as the shot noise from this source is the overwhelming source of background noise in some parts of the adopted apertures. After masking, we integrated the count rate in concentric annuli and subsequently corrected for vignetting with the uncertainties derived through Poisson statistics. The measurement yields the total (summing three EPIC detectors: MOS1, MOS2, PN) countrate into the [0.5-2] keV band within physical aperture corresponding to 0.5Mpc at z ∼ 3.3 and centered on the protocluster optical (i.e., number-weighted) position. These corrected count rates were then converted into a flux limit in the [0.5-2] keV band using a constant conversion factor of 9×10 −13 ergs cm −2 counts −1 (Adami et al. 2011) , resulting in the limit quoted in §3.1.1. All random errors quoted for this method are Poissonian. This flux limit was converted into a rest-frame luminosity using the method described in §3.1.1, which resulted in a luminosity limit of L X,[0.1−2.4 keV],rest < 3.98 ± 0.96 × 10 45 ergs s −1 . The relationship between the X-Ray luminosity in the rest-frame [0.1-2.4] keV, as measured at r 500 15 and the hydrostatic equilibrium mass is given as (Arnaud et al. 2010 , Piffaretti et al. 2011 where h(z) = H(z)/H 0 , log(c) = 0.274 ± 0.037, and α = 1.64 ± 0.12. Just as the member dynamics are unlikely to be governed by the virial theorem, the proto-structure ICM, if it exists, is almost certainly not going to be in hydrostatic equilibrium and thus this method only serves to crudely place limits on the halo mass. Using the above formula and correcting to the virial radius with an NFW as with the previous method results in the hydrostatic halo mass limit given in Table 2 .
The galaxy overdensity, δ gal , calculated in §3.1.1 within the "effective" radius of Cl J0227-0421 was transformed into the matter overdensity, δ m , via (Steidel et al. 1998 where C is defined as factor to correct the observed volume for redshift space distortions such that C = V apparent /V true , where V apparent is the measured volume and V true is the volume after correction. This factor, discussed extensively in Steidel et al. 15 The flux limit is actually measured at roughly r 200 , but the correction between the luminosity at this radius and the luminosity at r 500 is negligible (see Piffaretti et al. (2011). (1998), has a complicated dependence on both the magnitude and the directionality of the velocities of the member galaxies. As in Cucciati et al. (2014) , we made the assumption here that the structure is under collapse, such that C < 1 (i.e., the galaxies are compressed in redshift space) and that the velocities are isotropic. Under these assumptions, f in Equation B.5 can be approximated as Ω 4/7 m (z), the matter density relative to critical of the universe at redshift z (for further details see Lahav et al. 1991; Padmanabhan 1993; Steidel et al. 1998 ). Solving the above system of equations results in a correction factor of C = 0.53 where V e is the effective volume, i.e., (2R e ) 3 , where R e is measured in co-moving Mpc, and C e is an additional correction factor to account for mass outside of the effective radius. In Chiang et al. (2013) , C e was found to be 2.5, i.e., 40% of the mass was contained within a box defined by R e , and that is the value we adopt here. In principle, under the assumptions made here it is necessary to decrease the observed R e along the line of sight dimension (i.e., a smaller redshift window) by a factor C to match the simulated volume that is absent of distortions due to peculiar velocities. However, the value of δ gal for Cl J0227-0421 is essentially invariant with respect to the redshift window chosen (for ∆z spec < 0.08) and, given the large uncertainty in the value of C, both in the formal error and the number of assumptions, we make no attempt to correct our observed redshift window for this effect. The total halo mass derived in Equation B.6 is then converted to that at the virial radius using the method defined in the previous mass calculations, resulting in the value given in Table 2 .
